A helically coiled flow tube crystallizer was investigated as a novel device for the shapeselective generation of crystals with potassium alum as the model solid. The shape evolution of the crystal population was analyzed for growth-dominated seeded cooling crystallization.
Introduction
The shape of a crystal strongly influences its bioavailability, filterability, and flowability. For many applications where these parameters are important, it is therefore desirable to achieve a narrow crystal shape distribution. Continuous crystallization has the advantage of reduced breakage caused by stirring and avoids batch-to-batch variability, although tubular crystallizers may be affected by blocking. Typical continuous tubular setups include straight tubes as presented by Borchert and Sundmacher for crystal aggregation [1] , helically coiled flow tubes (HCTs) as studied with respect to flow profiles by Vashisth and Nigam [2] , and coiled flow inverters (CFIs) as applied for crystallization by Hohmann et al. [3] . The mixing properties of the previously mentioned tubular crystallizers increase from straight tubes to CFIs as shown by Klutz et al. [4] . Here, a HCT crystallizer was chosen as a novel device because of its compactness, flexible geometry, high heat exchange rates, and narrow residence time distribution (RTD). Coiled tubular crystallizers have been applied for crystal size control of active pharmaceutical ingredients by Khinast and co-workers [5] [6] [7] [8] . The aim of this paper was to determine whether continuous shape-selective crystallization is possible in a HCT.
The final crystal shape that can be reached in a HCT is determined by the residence time (RT) of the dispersed phase. In HCTs, a complex flow profile with Dean vortices can develop.
Consequently, a secondary fluid motion acts on the particles. Vashisth and Nigam investigated the two-phase flow in coiled tubes and surveyed experimental and theoretical studies of HCTs [2] . They characterized the geometry and flow conditions of HCT setups by the following dimensionless numbers: curvature ratio λ, dimensionless pitch P, Reynolds number Re, and Dean number De, as defined in Eqs. (1)- (4) .
λ=rcr
(1)
where rc is the coil radius, r is the internal tube radius, d is the internal tube diameter, p is the screw pitch, v is the average fluid velocity, ρ is the fluid density, and µ is the dynamic viscosity of the fluid. Furthermore, Klutz et al. combined P in Eq. (2) and Re in Eq. (3) in the dimensionless torsion parameter t to compare the HCT to a straight tube with regard to RT [4] .
Several inline imaging devices and corresponding imaging methods for shape estimation have been reported in the literature, e.g., the custom-made microscope applied by Schorsch et al. [9] . Here, a commercial microscope was applied, which was also used by Borchert et al. [10] . The crystal shape evolution was investigated experimentally for a univariate model substance, i.e., a crystal shape that can be described by one internal coordinate. The results may serve as a basis for the analysis of bivariate and multivariate crystal populations.
Furthermore, the experimental results of this work can be applied to the estimation of growth kinetics. Experimentally validated growth kinetics are required for process design to reach a desired crystal shape distribution.
Materials and Methods
The potash alum solution and the seed crystals were prepared from the same starting material, potassium alum sulfate dodecahydrate (Merck, CAS No. 7784-24-9, purity ≥ 99%).
Seed crystal fractions were prepared by sieving with mesh sizes of 150-200, 200-212, 212-300, and 300-400 µm. Ultrapure water (LaboStar 2-UV, Evoqua) was used as the solvent.
An aqueous solution of potash alum was pumped using a gear pump (4030-280-DM-25-6, Scherzinger Pump Technology) from a reservoir to the HCT. As shown in Fig. 1 , the dispersion leaving the HCT was recorded using a flow-through microscope (QICPIC R02, Sympatec) and then again dissolved in the reservoir. The HCT geometry was fixed. As shown in Fig. 1 , the HCT used in this study is composed of a coiled-up tube (1) in a cooling bath that is fed from the bottom, an upward coiled tube (2) coupled gear pump) but with a larger displacement. In measurements with water at 12.5 Hz and 2 bar, the peak amplitude was 0.4 bar. In measurements at both 2 and 5 bar, the peak amplitude amounted to 20 % of the mean pressure. The pump speed applied in this work accounts for one third of this value. For a lower pump speed, the pulsation increases. Thus, there was considerable pulsation at the operating point of the pump chosen in this work. The pulsation increases axial backmixing.
Microscopy images were used to analyze the crystal RTD and the crystal size and shape distribution (CSSD). The 3D shape of the individual crystals was estimated from 2D microscope projections, as reported by Borchert et al. [10] . The crystal shape was characterized by the perpendicular face distance h from the center of each octahedral crystal, as shown in Fig. 2 b. Nuclei and agglomerates were identified by imaging methods and separated from the growth observation.
The RTD of the fluid phase, the RTD of the dispersed phase, and crystal growth were investigated in separate experiments. In all of the experiments, a low and a high pump speed were applied. In preliminary mass-flow measurements, the mass flow of the potassium alum solution at 313 K was determined as 7.8 and 11. The RTD experiments for the dispersed phase were performed under isothermal conditions, whereas the temperature profiles varied for the growth experiments during cooling crystallization. The inlet and outlet temperatures of the HCT were measured to determine the supersaturation ratio of the solution. Both types of experiment were conducted at steady state with respect to the temperature profile. The inlet concentration was fixed at 243 g potash alum sulfate dodecahydrate per kg free water, which corresponds to a saturation temperature of 313 K [11] . Dry seeding experiments were performed with all sieve fractions separately and for a mixture of the smallest and the largest sieve fractions. For the latter case, the two fractions were mixed prior to seeding. For each isothermal and growth experiment, the sieve fraction size and seed mass are given in Tab. 2. Assuming that the seed crystals were distributed in a section of the seed addition nozzle of 1 cm in length, the seed volume fraction in this section was 11 to 24 % for the seed crystal masses given in Tab.
2. On the basis of the HCT volume, the seed volume fraction was 0.007 to 0.014 %. Table 2 . Sieve fraction and seed mass for the isothermal and growth experiments in Fig. 3 and Fig. 4 .
Mass of seeds in the sieve fraction [g] Experiment Type
Mass flow rate [g s 
Results and Discussion
The final crystal shape is influenced by the time a crystal remains in the tube. The growth kinetics depend on the supersaturation of the fluid, i.e., the fluid and crystal RTDs determine the duration of crystal growth. Thus, initially, the fluid RTD was analyzed. For a total internal tube volume of 8.6×10 , the average RTs of the continuous phase were 120 and 84 s, respectively. For both mass flow rates, the resulting dimensionless numbers in Eqs. (1)- (5) are listed in Tab. 3. In general, an increase in mass flow leads to an increase in Re and De and a decrease in t. The curvature induces centrifugal forces and consequently secondary flow [12] . For similar dimensionless numbers, RedlingerPohn et al. found that the influence of λ on the secondary flow is significantly greater than that of Re [13] . In our work, λ is also in the range of the work of Vashisth and Nigam [2] . The dimensionless pitch P of 0.02-0.03 is slightly lower in our work compared to the previously reported value of 0.03-0.08 [2] . These authors stated that with increasing P the fluid velocity contours become more asymmetrical and complex compared to a torus of zero pitch. Re was based on the fluid density at a saturation temperature and an operating temperature of 313 K according to Kubota et al. [14] . The dynamic fluid viscosity was taken from Mullin et al. [15] at identical temperatures. A high Re improves mixing, whereas a low Re decreases the tube length, which is required to reach a certain RT and thus growth. As shown in Tab. 3, for the lower mass flow rate, Re was between 1788 in the first tube and 1490 in the second and third tube sections, while for the higher mass flow rate it was between 2550 and 2125.
Therefore, it was only in the case of the first tube section at the higher mass flow rate that Re was above the critical Reynolds number Recrit for straight tubes of 2300 [16] . In the other cases, Re was in the laminar range. Curved tubes have higher Recrit compared to straight pipes [12] . Vashisth and Kumar explained that the secondary flow stabilizes the laminar fluid flow in coiled tubes and compiled a list of correlations for the Recrit of turbulence [12] . By comparing Recrit for all tube sections, the correlation of Kubair and Varrier [17] yields the lowest Recrit of 4734 in the third tube section. Thus, all values of Recrit in this work were significantly below the lowest Recrit that was stated previously [12] for coiled tubes. In the literature, HCT setups cover a wide Dean number range from about 3 in the work of Klutz et al. [4] to 1049 in the work of Redlinger-Pohn et al. [13] . For a U-bend geometry [18] , an increase in De from 50 to 1000 leads to a more uniform particle size distribution in the cross section with regard to size. Sandeep et al. confirmed the mixing with an increase in De for diffusion-free flow in the HCT [19] . For similar De as in our work, they observed that the mixing supports a narrow RT range. Klutz et al. explained that zero torsion t leads to the narrowest RTD [4] . They reported that for the values of t used in this work of below 0.001
there is no significant impact of torsion on the RTD. 0.12×10 -4 In conductivity experiments, the time point of the conductivity increase equals the abovementioned average fluid RTs. As expected, the maximal value of the measured conductivity increased with pulse duration and mass flow for identical pulse duration. At 7.8 g s . The number density distribution was calculated with a bivariate
Gaussian kernel density estimator [20] with a bandwidth matrix diagonal of (10 s², 10 µm²).
The crystal size range is similar for both mass flow rates, since growth was avoided in the experiments and the CSSD remained constant. .
RTD data from nine separate experiments at a mass flow of 7.8 g s -1 were used to prepare RTDs for all crystals at low Re smaller than 100 and identified helically coiled setups, especially CFIs, as the systems that are closest to plug flow [4] . Although the HCT has a broader RTD, the separation effect can be applied for shape-selective crystallization if it is desired to make an initially broad CSSD narrower.
At a mass flow rate of 7.8 g s Consequently, the RTD was slightly broader in the mixed case. In conclusion, when both fractions were mixed before seeding, similar RTDs were observed with a similar CSSD. . In the mixed experiments, the mass fraction ω was calculated for the small and large fractions on the basis of the seed mass in Tab. 2. In the case of the small and mixed-fraction experiments, the mean of the mean τ is given for two experiments. , the first small crystals had a RT that was similar to the RT of the continuous phase, whereas there was a large slip between the average velocities of the continuous and the dispersed phases for 7.8 g s In the following, the RTD is discussed in relation to density, particle size, and fluid velocity in comparison to the literature for different tubes and channels. Segre and Silberberg reported that neutrally buoyant particles collect in a thin annular region during laminar flow through a straight tube [21] . This pinch effect was dependent on the tube length, mean fluid velocity, and the ratio of particle to tube radius. The particle to internal tube diameter ratio was larger compared to this work and the fluid and particle densities were identical. The SegreSilberberg effect can potentially lead to a distributed RT because of the arrangement of the particles in a line. Later, the Segre-Silberberg effect was observed by Di Carlo et al. in a rectangular cross-section microchannel [22] . In their work, the particle velocities were largely independent of particle size and only the rotational velocity was affected by size.
Sandeep et al. [19] and Cheng et al. [23] analyzed the RT of spherical particles in a HCT. In their setup, the particle density was equal to the fluid density. The particle to internal tube diameter ratio and the mean fluid velocity were slightly larger than in this work. In general, they observed that a decrease in axial fluid velocity led to an increase in mean, minimum, and maximum RT and standard deviation. The same results can be observed in this work by Poiseuille flow in a helical pipe [23] .
Compared to the literature reports mentioned previously, the particle density was higher than the fluid density in our work and in the simulations of Tiwari et al. [18] for a HCT. Following
Tiwari et al., the particle-settling zone is at the inner bend of the horizontal helical tube. The shift from the bottom to the inner bend of the tube is explained by the gravitational force and the direction of the shear force by secondary flow. The secondary flow also helps in distributing particles in the cross section. This effect is enhanced for small particles [18] , which may lead to differences in RT.
In agreement with the simulations of Tiwari et al. [18] , Redlinger-Pohn et al. found in experiments that small fibers were well mixed in a HCT and had large RTs compared to long fibers [13] . The separation was less pronounced in their simulations [13] . On the one hand, they ascribed the difference in RT to flocculation. On the other hand, they explained the separation according to size by the ratio of the sedimentation speed of the fibers and the secondary motion of the fluid. The second argument is also suitable to explain the sizedependent separation for single crystals in this work. In order to improve the understanding of the flow-particle interactions, we have previously investigated this phenomenon for a simplified geometry in more detail [24] .
Overall, in agreement with the literature, it was found that the mean particle RT decreased with increasing fluid velocity and increasing particle size. Furthermore, it is in line with literature observations that an increase in the standard deviation and thus the distribution width accompanies decreases in fluid velocity and particle size. These effects have not yet been noted experimentally for compact single crystals in HCTs. The secondary flow in HCTs is of importance in explaining the particle motion as stated by Redlinger-Pohn et al. [13] and Tiwari et al. [18] .
In RTD experiments, it was observed that the crystal RT was size dependent and that the crystal velocity was larger than the mean fluid velocity. In the following, potential consequences for growth experiments are discussed. The RT of the small crystals is larger than the RT of the large crystals. Consequently, the small crystals have more time to grow.
During growth, the potash alum concentration in the solution is reduced. When the fluid is faster than the crystals and pulsed seeding is used at the inlet, the slowest crystals are fed with solution of the original inlet concentration. Hence, the slow small crystals are exposed to a higher supersaturation and reach higher growth rates than the fast large crystals. The supersaturation differences are expected to be small because of low suspension densities.
Overall, the increased RT and higher supersaturation for small crystals lead to a potential narrowing of the CSSD, whereas growth rate dispersion is expected to broaden the CSSD.
Crystal growth was realized without blocking for seeded crystallization. Fig. 4 shows the density distribution of the smallest crystal fraction at the HCT outlet after growth for three experiments at 7.8 g s 
Conclusions
Univariate potash alum crystals can grow successfully in the HCT setup without tube blocking. A separation effect by crystal size was identified for the laminar average fluid velocity. Small crystals have higher residence times and more time for crystal growth. Thus, the HCT has the potential to narrow the CSSD during growth. The univariate shapes of the crystal projections at the HCT outlet were successfully estimated for the applied low suspension densities. In future research, shape-specific growth rates will be analogously determined for bivariate substances, e.g., potassium dihydrogen phosphate, or multivariate substances, and these will be compared to existing batch experiments, e.g., those concerning a bivariate substance reported by Eisenschmidt et al. [26] .
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